The design of 5G 4-element antenna array system with the capability of switching its operation between right hand circular polarization (RHCP) and left hand circular polarization (LHCP) is proposed. The CP-reconfigurability is achieved by electronically switching two PIN-diode pairs in the feeding circuit, which consists of a branch line coupler and two feeding arms. The proposed configuration reduces the number of tuning elements and allows the use of imperfect PIN diodes at millimeter-wave frequency. The fabricated prototype exhibits a 3-dB axial ratio bandwidth from 27.2 to 28.35 GHz. A maximum measured gain of about 6 dBic and a radiation efficiency of around 51% over the bandwidth are achieved for both CP states.
I. INTRODUCTION
Circular polarization (CP) is the key feature in antenna design to mitigate the misalignment and multipath interferences. This is also applicable for the forthcoming Fifth Generation (5G) mobile network. Unfortunately, the device-todevice (D2D) communication [1] between two CP radiators can suffer from extremely low polarization efficiency if the rotating mode is opposite. To resolve this issue, CP antennas with switchable rotating mode should be used. To this end, reconfigurable CP antennas have been reported extensively in the literature, using variety of structures such as crossed dipole [2] , [3] , patch [4] - [8] , radiating arms [9] and slot [10] - [12] , however only for low frequency applications. All these designs utilize single-element structure with PIN diodes that exhibit nearly ideal performance in the microwave frequency range. There are two critical issues when adapting these designs for 5G applications at millimeter-wave (mm-Wave). First, 5G antennas require high gain, thus array configuration is used, which requires a large number of PIN diodes and biasing components [13] . More importantly, the PIN diode performance is significantly degraded when increasing the operating frequency [14] , which severely The associate editor coordinating the review of this manuscript and approving it for publication was Guan-Long Huang. affects the antenna performance. For these reasons, there has not been any mm-Wave reconfigurable CP antenna in the literature that is applicable to 5G D2D communication. Although there are some CP antennas which have been studied for mm-Wave for different applications, it is emphasized that they are non-reconfigurable [15] - [18] or the designs require multiple input ports to switch between 2 CP modes, which add significant complexity when integrating to 5G feeding circuit [19] , [20] .
In this letter, a polarization-reconfigurable array for 5G applications at 28 GHz is presented. This 4-element antenna array can switch its operation between 2 rotating modes (RHCP and LHCP) using only 4 PIN diodes in the feeding circuit. A branch-line coupler and open-ended stub are appropriately arranged in the feeding circuit to allow the use of imperfect PIN diodes and reduce the number of used diodes, and this this is the main contribution of this work. As a result, this configuration reduces the insertion loss and improves the matching of the feeding circuit. Therefore, the proposed configuration allows the utility of practical PIN diodes at mm-Wave to generate LHCP or RHCP operation, a feature that none of the previously reported approaches could achieve. The targeted frequency band is 27.5-28.35 GHz, which is approved by the U.S. Federal Communications Commission (FCC) for 5G applications [21] . 
II. ANTENNA ARRAY STRUCTURE AND OPERATING PRINCIPLE A. OPERATING PRINCIPLE AND FEEDING CIRCUIT
The radiators consist of 4 patch antennas ( Fig. 1 ) resonating at 28 GHz. The design uses Roger Duroid 5880 substrate (relative permittivity εr = 2.2 with estimated tanδ ≈ 0.0025 at 28 GHz). The simulation, modelling and optimization are conducted using the ANSYS High Frequency Structure Simulator (HFSS).
For CP operation, the patches are excited with equal amplitude signals and 90 • phase delay in either anti-clockwise, i.e. right-hand (RH), or clockwise, i.e. left-hand (LH), sequence ( Fig. 1 ). Therefore, in order to realize a reconfigurable CP array, a feeding structure that can provide ±90 • phase switching is required. The proposed feeding structure consists of a branch-line coupler, two feeding arms and 2 PIN diodes as shown in Fig. 2 .
As an initial demonstration, the PIN diodes are assumed to be perfect, i.e. operating as an RF short-circuit in ON-state and RF open-circuit in OFF-state. In this case, the branch-line coupler is designed to be ideal, i.e. to consist of 4 quarterwavelength (L 4 = L 1 = λ g /4) segments with equivalent impedances of Z 0 / √ 2 and Z 0 respectively (Z 0 is the characteristic impedance of the input port) [22] . The two feeding arms have the length of λ g and λ g /2 respectively (λ g is the guided wavelength at the operating frequency). The branch-line coupler is connected to these two arms through 2 PIN diodes D 1 and D 2 . The following operation cases are considered:
1) Case A: D 1 and D 2 are in the ON and OFF-state respectively. The branch-line coupler generates equal amplitude and 90 • phase difference between the output ports (ports 2 and 3). In both cases, since the length of each input arm is either λ g or λ g /2, the arm connected to a diode in the OFF-state works as an open-ended stub [22] , [23] and has an infinity input impedance (Z in ) by:
where β = 2π/λ g is the phase constant and l = λ g or λ g /2 is the length. Thus, it does not influence the other parts of the feeding. Fig. 2 shows satisfactory simulated results for this structure with either 90 • or −90 • phase difference between port 2 and port 3 in the targeted bandwidth. Compared to the conventional ±90 • line phase shifter [22] , [24] , the technique of using a branch-line coupler with two feeding arms allows reducing the number of used diodes by half, which is a big advantage especially at mm-Wave, where the diode performances in terms of matching and insertion loss are poor. In practice, the PIN diodes are far from perfect, especially at mm-Wave frequency. The TRL ((Thru, Reflect, Line)) calibration method [25] is then conducted to extract the equivalent lumped-element models of the chosen diode (MADP-000907-14020W). Using this calibration, all effects from connectors and biasing circuit can be removed; and thus, the reflection and transmission coefficients of the PIN diode alone can be obtained (for both ON and OFF-state). Finally, the electrical parameters of the ON and OFF-state equivalent circuits are derived based on fitting the measurement with simulation results (Fig. 3 ). These parameters ( Fig. 4 ) are R s = 7 , and L f = 0.15 nH for the ON-state, and R r = 487 k , C t = 26.5 fF, and L r = 0.065 nH for the OFF-state. Good agreement is observed between the measured results with the simulated values using the equivalent circuit model. A slight mismatch in |S 11 | between the modelled and the measured results in OFF-state is attributed to the effect of the bulk body of the PIN diode at mm-Wave. These modelled and measured results are consistent with those reported in [14] . For a better matching, a more complicated equivalent circuit might be used, nevertheless, it would increase the design complexity while the current final results (Section III) still show good agreement between modelling and measurement.
At 28 GHz, the return and insertion losses in the OFF-state are 1.5 dB and 3.7 dB, respectively. Hence, the diode has a critically poor performance and does not work as an open-circuit exactly like an ideal switch in the OFF-state. It works as a piece of transmission line that has poor matching making it a challenge to incorporate the diode with the branch line couplers. Nonetheless, the diode has a reasonable performance in the ON-state mode with a return and insertion losses 8.3 dB and 1.3 dB, respectively. The derived PIN diode's equivalent circuit is applied to the previous design ( Fig. 4) . As expected, significant degradation in performance is observed. The main reason is that the two arms (λ g and λ g /2) no longer work as open-ended stubs. Instead, they work together as an asymmetrical T-junction power divider feeding the branch-line coupler from two ports.
B. FEEDING CIRCUIT PERFORMANCE IMPROVEMENT
After applying the PIN diode's equivalent circuit, a parametric study was carried out to improve the performance of the design based on the initial parameters used in the previous section. Two sets of key parameters are found to play a key role on improving the performance: Set 1) L 3 and SS: L 3 is the length of the longer arm λ g and SS is the length of the transmission line connecting the diode to the branch-line coupler. Since the two arms work as an asymmetrical power divider, the lengths L 3 and SS mainly affect the operating frequency of Case A and B. By reducing the values of these two parameters, the operating frequency of Cases A and B can be shifted to the targeted frequency (28 GHz) and the performance of both cases can be improved.
Set 2) W 5 and W 11 : These two parameters control the impedance of a branch of the coupler and the feeding arms. It is found that by reducing the values of these two parameters, the impedance matching for Case A and Case B can be improved.
For the sake of brevity, the optimized performance of a single feeding circuit is not shown here. Instead, we show the optimized performance of the complete feeding circuit for the 4-element patch array (Fig. 5 ). In this configuration, two branch-line couplers of Cases A and B are located vertically and connected to a T-junction power divider [22] . The operation modes are controlled by switching the states of the two pair of diodes, (D 1 , D 3 ) and (D 2 , D 4 ) to achieve a 90 • phase delay in a clockwise or an anti-clockwise sequence between the output ports of the branch-line couplers (summarized as in Table I ). For demonstration, the optimized S-parameters and phase differences of the LHCP operating mode are shown in Fig. 5 (b) and (c) respectively. 
C. BIASING CIRCUIT OF PIN DIODES
The biasing circuit consists of two 0.01 µF chip capacitors (denoted by C 1 and C 2 ) to block the dc currents between the two arms of the T-junction power divider ( Fig. 5(a) ). Since the available RF chokes working at mm-Wave are relatively large [26] and not easily integrated with the proposed design, a low pass filter (LPF) is utilized instead. The LPF is designed based on microstrip step impedance concept [22] . The performance of the LPF connected to a transmission line (port 1 and 2) through port 3 is verified in Fig. 6(b) . An isolation of more than 23 dB is achieved between the port of LPF (port 3) and the ports of the transmission line (port 1 and 2). The orientation of the PIN diodes are shown in Fig. 6(a) . Using this configuration, only one bias voltage V is required to switch between RHCP and LHCP ( Fig. 6(a) ). 
D. FINAL ANTENNA ARRAY DESIGN
The patch antenna array in Fig. 1 is excited by the optimized feeding circuit of Fig. 5 through H-shaped slots in the ground plane (Fig. 7) . The H-shaped aperture is used to improve the resonant impedance and the coupling between the top and bottom layers [27] , [28] . The final multi-layered design is shown in Fig. 8 . Two Rogers 5880 substrates are adopted, each for the patch and feeding circuit. An HT 1.5 bonding film (relative permittivity ε r = 2.35, tanδ = 0.0025 and thickness 0.0381 mm) is used to attach the top substrate layer to the ground. The final parameters of the design are shown in Table II . 
III. RESULT AND COMPARISON
The proposed design was fabricated ( Fig. 9 ) and then measured to validate the proposed design concept. The reflection coefficients for both states RHCP and LHCP are shown in Fig. 10(a) . The design yields a measured −15 dB impedance bandwidth from less than 27 GHz to 29 GHz. The prototype exhibits a measured 3-dB AR operation from 27.2 to 28.35 GHz for both CP modes as shown in Fig. 10(b) . Both impedance and AR bandwidth cover the targeted frequency band, i.e. 27.5 to 28.35 GHz.
The normalized simulated and measured radiation patterns for RHCP and LHCP in x-z and y-z planes at 28 GHz are plotted in Fig. 11 . The measured radiation patterns mostly follow the simulated ones with slight differences due to the measurement errors at mm-Wave. The maximum radiation direction slightly deviates from the broadside direction. This is due to the asymmetry of the feeding circuit in both CP modes, which causes a slight unequal phase delay at the output ports of the feeding circuit. Nevertheless, this slight deviation in the antenna radiation direction causes only 0.5 dBic reduction in the gain compared with broadside radiation and does not significantly affect the performance.
The measured gain and radiation efficiency for both CP modes are illustrated in Fig. 12 (a) and (b) respectively. The maximum measured gain is about 6 dBic. Different approaches can be used to increase the gain, such as changing the inter-distance between the elements of the antenna array, the feeding technique of the patch antenna elements, or utilizing a higher-gain element. However, the emphasis of this work is on the feeding circuit for PIN diodes operating at mm-Wave to realize polarization-reconfigurable antenna using a small number of imperfect tuning elements. The measured radiation efficiency is around 51% across the targeted BW. This is reasonable for a reconfigurable antenna operating at mm-Wave. Compared to simulated results, the lower efficiency and gain are possibly attributed to fabrication errors, higher losses in the connector and substrates [29] at mm-Wave. It should be noted that efficiency measurement at mm-Wave is challenging and an error of 1 dB in gain measurement can cause the efficiency to drop by roughly 20%. Fluctuations in the measured gain are also observed ( Fig. 12 (a) ) due to the imperfection of the measurements, which causes ripples in the measured radiation pattern in specific directions especially at the high frequency. In terms of efficiency, a three-dimension near-field chamber is used, where the total radiated power can be calculated accurately in all directions. Therefore, the measured efficiency plot ( Fig. 12 (b) ) is smoother compared to the measured plot of the gain.
Several notable reported CP antennas for mm-Wave 5G devices with various techniques and structures are presented in Table III . It can be seen that none of these possesses the polarization reconfigurability. Although reconfigurable antennas at microwave frequencies are quite common [2] - [12] , this table shows the difficulty in achieving reconfigurability at mm-Wave. This is because of the imperfection performance of the PIN diodes at higher frequency, making it challenging to add the switching feature to CP antenna structure. Overall, the novelty of the proposed design is mainly in deploying a branch-line coupler and open-ended stubs that allowed the use of imperfect PIN diodes with the feeding circuit and reducing the number of used diodes, which consequently improves matching and reduces insertion loss. As a result, the proposed configuration allows the utility of imperfect PIN diodes at mm-Wave to switch between two operations, a feature that none of the previously reported approaches could achieve.
IV. CONCLUSION
A polarization-reconfigurable antenna array using PIN diodes has been proposed at 28 GHz. A branch-line coupler and open-ended stub are adopted in the feeding circuit to reduce the number of used diodes. This configuration also allows PIN diodes with non-ideal performance to be used at mm-Wave. RHCP and LHCP operations are realized using two pairs of diodes. The measurements have confirmed that the proposed design can support CP reconfigurability across 27.5-28.35 GHz for 5G applications.
